This work was conducted to study the thin-film drying kinetics of mango (mangifera indica L.) using a modular electrical dryer licking countercurrent and forced convection. Drying experiments were carried out in the Laboratory of Energetics and Applied Thermal (LETA) of the National School of Agro-Industrial Sciences of the University of Ngaoundere under different conditions of drying air temperature (40, 50 and 60°C) for a speed 0.6 m/s. Four trays were used to spread the products in the dryer. To estimate and select the appropriate drying model, ten different models were applied to the experimental data and compared. The performances of these models were compared using the R², the χ² and the RMSE between the observed and predicted moisture ratios values, which ranged from 0.925 to 0.999; 4.10 -6 -0.00540 and 0.0021 -0.0736 respectively. Among the models used, the Midilli et al., model was found to best explain the thin-film drying airflow drying licking countercurrent of mango.
Introduction
Population growth implies an increase in food consumption. In order to cope with the latter, populations are increasingly found in the agricultural sector. In many African countries, where food self-sufficiency remains a goal, agricultural activities account for nearly 70% of the population [1] . To do this, mechanization is gradually implemented. However, during harvest periods, there is overproduction which is transformed into post-harvest losses due to the lack of adequate means of conservation, thus exposing the population to famine. These post-harvest losses are estimated at 40% in underdeveloped countries [2] . It is therefore necessary to develop conservation techniques and technologies that allow people to dispose of food in all seasons. Several types of fruit and vegetable treatments for storing them for long periods while preserving their nutritional qualities have been used namely: refrigeration, freezing, freezing, smoking and drying. The latter appears to be the oldest and most widespread of these methods. It is a process of thermal extraction of a volatile substance (usually water) from a product [3] . In terms of physics, drying is most often the result of a simultaneous heat and mass transfer within the product to be dried and at the interface between this material and the drying environment [4] . This conservation technique has been the subject of several research studies in which some authors have focused on the reduction of energy consumption and the preservation of the biological quality of dried products. Thus, the work encountered focused on the through flow, the counter flow through flow and the licking flow. Among the experimental works carried out in recent years, we can cite [2] who modeled the intermittent drying of mango, [5] have studied the drying kinetics of figs; [6] evaluated the effect of treatment on the drying kinetics of okra; [7] also evaluated the drying kinetics of the fungus during fluidized bed drying; [8] studied the drying kinetics of cocoa; [9] studied the drying kinetics of apple slices and [10] determined the drying kinetics of iroko. Some authors have opted for the numerical approach. For example, [11] made an analytical study of the kinetics of mango and manioc; [12] performed a mathematical modeling of tomato drying, [13] modeled corn drying. [14] performed a mathematical modeling of the solar drying kinetics of banana, mango and cassava; [15] have made a numerical study of the drying of mangoes; [16] and [17] made a mathematical modeling of chilli drying; [18] simulated the drying of mango in forced convection. It appears from these works that the countercurrent liquefying flux has not been approached in order to improve the drying process. This is the aspect of our contribution to the study of drying kinetics.
The main objective of our work is to study the drying kinetics of mango (Mangifera indica L.) using an airflow dryer licking counter-current. The experimental tests consist of studying the influence of the drying air temperature and the position of the rack on the drying rate. Using an empirical approach, we try to determine the kinetic model of drying. These empirical relationships can be used for the design and modeling of electrical dryers licking counter-current.
Materials and Methods

Plant Material
The plant material used in this work is a mango variety (Mangifera indica L.) found in the Adamawa Region of Cameroon. It is one of the seasonal fruits most produced and consumed in Cameroon. This fruit represents an important source of vitamins A and C and β carotene for some developing African countries [19] . It has an average water content of 84% [20] .
Experimental Device
The experimental device ( Figure 1 ) is a forced convection electric dryer. In the airflow drying pattern licking counter-current, the convective heating air passes through the drying chamber from bottom to top. The plywood is mounted transversely so as to allow a serpentine air circulation. The trays are arranged transversely and moved in the opposite direction of the air flow during drying undergoing a licking air flow [21] .
The masses of the samples are measured using a SARTORIUS brand electronic scale, type 1264 001, with a maximum load of 3000g and a minimum of 5g with a reading accuracy of ± 0.01g for weighing samples during the drying operation. Four temperature probes are placed in the dryer to measure the temperature of the drying air. The operating range of this EC.50-M / N type thermostat is -20°C to 99°C with an accuracy of 0.2°C. The acquisition unit "Almemo 2590" has four inputs on which will be mounted thermocouples, displays the air temperature values during drying operations. 
Methods
The experiments took place in an electric dryer between May and June, period of harvest of mangoes in the Adamawa Region, under the following atmospheric conditions (atmosphere of the premises housing the test device installed at Ngaoundere): temperature average 25°C, average relative humidity 75%. Eighteen tests were conducted including six for each air temperature. Thus three temperature values were used: 40°C, 50°C and 60°C, for an air velocity value of 0.6 m/s. The initial mass of the slices spread on each rack was on average 1000 g. For each test, the weight loss of the products is recorded.
-Experimental protocol
The mangoes are washed and then rinsed with drinking water to remove any impurities present on their surfaces. They are peeled, pitted and cut longitudinally in slices of thickness varying between [0.3 cm; 2cm] and of length between [1cm; 1.5cm] with a small knife and measured with calipers. The trays are weighed every 30 minutes outside the drying chamber. The duration of each weighing varies from 80 to 90s and deduced from the total drying time of the product. In this study, it is considered that the drying is complete for reduced water content around 20%. The kinetics obtained will be adjusted using the thin-film models found in the literature and listed in Table 1 .
Table 1. Thin layer mathematical models
Models Expressions
Newton [22, 23] ( )
Page modified [24] ( ) ( )
Henderson and Pabis [23] ( )
.exp MR a kt = −
Henderson and Pabis modified [25] ( ) ( )
With m i , m(t) mass of fruit respectively at initial instant and at instant t (kg).
It is important to specify that the value of the moisture contents (MR) is between 0 and 1. The drying rate is calculated using the equation (2) and is expressed in kg of water/kg of water.MS.min [31] .
Where: t = Period drying (min), M t = Moisture ratio at the instant t, M t + dt = Moisture ratio at t+dt. The determination of these drying parameters will allow the drawing of the different drying kinetics.
-Statistical parameters
The nonlinear regression analysis was performed using the Matlab statistical analysis tool. Although the coefficient of determination (R²) was one of the primary criterions for selecting the best model to describe thin-layer drying curves of slices, the statistical test methods such as the reduced Khi-square (χ²), root mean square error (RMSE) as described by Equation (3) and (4) were also used to evaluate the goodness of fit of the models. The lower χ² and RMSE values and the higher R² values were chosen as the basis for goodness of fit [32] . . Figure 2 presents the profiles of the air drying temperature as a function of the position of the tray at 40, 50 and 60°C, the trays are numbered from bottom to top in ascending order. The shape of the curves in Figure 2 shows that the temperature of the air decreases when moving from one rack to another in the direction of the air drying flow. This behavior of the temperature profile is consistent with the literature. Indeed, according to [1] , the air drying temperature decreases after the passage of each product rack to be dried. This air temperature decreasing is due to the exchange of heat and material between the product and the air in the drying chamber. The product is wet, absorbing water vapor, the air temperature decreases. These results are similar to those of [33] . Figure 3 below presents the evolution of the air temperature as a function of time at the positions of the wires 1, 2, 3, 4 at temperature 60°C. With regard to Figure 3 , it can be seen that the first 90 minutes correspond to a rise in the temperature of the air in the dryer. The first tray reaches its stability zone (constant temperature) before the other trays. This can be explained by the fact that the air reaches the other trays being saturated (the product transmits its water content to the air by vaporization). Therefore, they dry less quickly than the first. The evaporation power of the air is more important at the level of the first tray. Similar results were obtained by [34, 35, 36] . Figure 4 illustrates the moisture content profiles reduced of the samples of mangoes dried in licking countercurrent mode, if the samples are exposed to the ambient air for the tempered period. The interpretation of these curves of Figure 4 shows that more the air temperature increases; more the drying operation duration is low. Thus, in the case of mango, the drying time goes from 870 minutes at 60°C to 1440 minutes at 40°C, resulting in a water content reduced by 20%. This results on the one hand from the increase of the heat flux brought by the air to the product and on the other hand from the acceleration of the internal migration of the water. Increasing the temperature of the product not only changes the activity of the water but also influences the coefficient of diffusion of moisture. Similar results were found by [31] on pineapple slices; [37] on corn and [38] on tomato. Figure 5 illustrates the influence of the position of the tray on the moisture ratio profiles of the mango as a function of time during drying licking countercurrent at 60°C. The curves in Figure 5 appear as a single curve plotted with different time frames on a single graph. These curves show that despite the introduction of trays undergoing a flow of air licking countercurrent, at different times (2 hours of intervals), the kinetics have the same pace, but the products on the trays do not reach not their equilibrium water content at the same time. Moreover, the observation of these curves allows us to see that at the end of the drying, we obtain homogeneous products. A translation on the time scale of 2 hours allows these curves to be superimposed. Figure 6 illustrates the drying profiles of mango in a licking countercurrent mode at 60°C for four positions of trays (tray 1, 2, 3, 4 and sum of tray). The curves of Figure 6 above show that the drying rate profiles increases at the beginning of drying during the average of the first 30 minutes and decreases after this time at all the dryer trays, regardless of the position of the tray inside the dryer. The curves all have differences (the difference between the curves is considerable). The difference between these curves is less pronounced at the end of drying. That is to say that the curves tend to be superimposed at the end of drying; which leads us to conclude on the homogeneity of the products resulting from this drying. It is shown that the evolution of this drying rate over time presents the existence of two phases of drying. The phase of increase of the speed corresponds to the free water of the product. The extraction of this water in mango requires less heat than that required to extract bound water. Similar observations have been presented in the literature by [2, 28, 32, 39, 40] . Table 2 below presents the results obtained from the adjustments of the models selected in the context of our work. [28] .
Results and Discussion
Temperature Distribution in the Dryer
Influence of the Temperature on the Kinetics of Drying in the Second Tray
Influence of Rack Position on Drying Kinetics
Modeling
Values of Statistical Parameters
The statistical parameters obtained, in order to check the fit of the chosen models to the experimental results, are presented in Table 2 . The best model is that with a maximum correlation coefficient that tends to 1 and a minimum standard error that tends to 0.
Expressions of the Model Parameters
The experimental moisture ratio is plotted as a function of time in Figure 7 for different temperatures and then adapted to the ten mathematical drying models. It is clear from Table 2 
Conclusion
In this work, the drying rate of mango was carried out in a modular electric airflow dryer licking countercurrent for three temperatures (40, 50 and 60°C) . According to the results of multiple linear regression analyzes, among the ten models tested, the Midilli et al., drying model is suitable for describing the drying behavior of mango in counteracting leach flow. The coefficients of this model are very important in the transfer of moisture, because they depend on the air temperature. The evolution of this air temperature shows that it influences the extraction of water in the product. The drying kinetics curves showed the existence of two drying phases. That is, the absence of the constant speed phase. Countercurrent leach flow drying produces homogeneous products. The drying characteristic curve obtained makes it possible to generalize the mango drying kinetics data and to optimize the sizing of drying driers adapted to the drying of mangoes.
